We have experimentally observed that the optical absorption spectra of single-walled carbon nanotube ͑SWCNT͒ films change drastically and reversibly by pressure up to 4.1 GPa. The main absorption feature at 0.68 eV attributed to the interband optical transition in semiconducting nanotubes ͓chiral (n,m) and zigzag (n,0), with nϪm 3i͔ shifts to lower energy and eventually vanishes with increasing pressure. Accordingly, we infer that the electronic structure and the electronic properties of SWCNTs in the solid state are highly sensitive to intertube interactions and/or to symmetry breaking.
I. INTRODUCTION
The solid-state physics of single-wall carbon nanotubes ͑SWCNTs͒ is of great interest because of their unique onedimensional structure and outstanding electronic properties. [1] [2] [3] A tremendous number of theoretical calculations on the electronic structures of ideally isolated SWCNTs with various chiral indexes (n,m) were carried out in order to predict their electrical and optical properties. [4] [5] [6] [7] [8] [9] However, because a SWCNT forms a two-dimensional triangular close-packed lattice weakly bound by van der Waals forces in the solid state, 10 effects of intertube interactions and symmetry breaking can no longer be neglected. Indeed, if these effects were included in theoretical calculations, significant changes of the electronic structures were predicted and different properties were expected. [11] [12] [13] In the present contribution, we have clarified these issues by experimentally investigating the effects of high pressure on the optical absorption spectra of SWCNT films using a diamond anvil cell. The utilization of high pressure is a powerful technique to tune intertube distances and/or to induce deformation of the structure of SWCNTs, as was very recently observed by an in situ x-ray diffraction experiment. 14 It should be stressed that, different from resistivity 15, 16 and Raman 17 measurements, optical absorption spectroscopy directly probes and detects changes in specific electronic states of SWCNTs. 18, 19 We have experimentally observed that the main optical absorption features of SWCNT films are strongly and reversibly pressure dependent. This experimentally proves that the electronic structures and the electronic properties of nanotubes in the solid state are highly sensitive to intertube interactions and/or symmetry breaking. Changes in the electronic properties of SWCNT films are presented and discussed in connection with the most recent experimental and theoretical developments.
II. EXPERIMENTS AND RESULTS
SWCNT samples were synthesized by the electric arc discharge method using a Ni/Y catalyst. 18 The as-prepared material consists mainly of carbon nanotubes, with a significant quantity of carbon particles and traces of the catalysts. From transmission electron microscopy and scanning tunnel microscopy ͑STM͒, it was observed that the samples were made of individual and bundles of nanotubes. Bundles were a few tens of nanometers in diameter and a few micrometers in length, containing hundreds of close-packed individual nanotubes. The diameter of the latter were found to be distributed from 1.2 to 1.6 nm with various helicity.
A. Optical absorption spectra of SWCNT films at ambiant pressure
The optical absorption spectra of SWCNT films ͑prepared as described in Ref. 18 and 19͒ were collected in a wide spectral range from the far infrared (50 cm Ϫ1 or 6.2 ϫ10 Ϫ3 eV) to UV (5ϫ10 4 cm Ϫ1 or 6.2 eV͒ in transmission mode at ambient pressure and temperature ͑Fig. 1͒.
On the high-energy side, it was established that the main features at approximately 0.68 eV ͑labeled S1͒, 1.2 eV ͑S2͒, 1.8 eV ͑M1͒, and around 2.4 eV ͑S3͒ superimposed on the broad -plasmon absorption band centered at about 5 eV derive from the bulk properties of SWCNTs. 18 Furthermore, by comparing with theoretical calculations, these features FIG. 1. Optical absorption spectrum of SWCNT film in air at atmospheric pressure ͓different substrates ͑quartz, KBr, polyethylene, diamond͒ and spectrometers were used to cover this energy range͔. Inset: for convenience, by subtracting the large absorption background due to plasmon, the absorption features labeled ͑S1, S2, S3͒ and ͑M1͒ are clearly displayed. were assigned to optical transitions between van Hove singularities of the density of states ͑DOS͒ of SWCNTs. 5, 18 Specifically, S1, S2, and S3 were respectively attributed to allowed electronic transitions between the first, second, and third pairs of singularities in semiconducting nanotubes ͓chi-ral (n,m) and zigzag (n,0), with nϪm 3i͔, whereas M1 was assigned to an allowed electronic transition between the first pairs of singularities in metallic nanotubes ͓armchair (n,n), zigzag (n,0), or (n,m) chiral nanotubes with nϪm ϭ3i͔. Armchair nanotubes are expected to contribute significantly to M1 because they are characterized by a small unit cell and large density of states.
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The above-mentioned assignments in the energy range 0.5-3 eV are consistent with STM studies of individual nanotubes, 21 and optical absorption spectroscopy on purified and chemically modified SWCNTs in CS 2 solution, 22 as well as with high-resolution momentum-dependent electron energy loss spectroscopy ͑EELS͒ experiments of bulk SWCNTs. 23 On the low-energy side, several broad optical absorption features are clearly observed at approximately 74 meV (600 cm Ϫ1 ) and 24 meV (200 cm Ϫ1 ) superimposed on a Drude-type absorption background. Although further experiments are in progress to elucidate the origin of the abovementioned features, we suggest that the features at 74 and 24 meV probably correspond to the expected small energy gap or pseudogap in metallic nanotubes. 11, 24 B. Optical absorption spectra of SWCNT films under pressure
Now that the origins of the absorption bands are relatively well established, we can systematically study their pressure dependence. We used a diamond anvil cell, where the sample compartment was a small cylindrical hole ͑diameter d ϭ0.3 mm and height hϭ0.1 mm) in a metal gasket of Inconel X-750. Chemically inert KBr powder including a ruby crystal ͑for pressure determination͒ was initially packed into the hole. Subsequently, a thin film of SWCNTs was deposited on KBr according to the following procedure: SWCNT powder was dispersed in ethanol by sonication, then sprayed using an airbrush and finally dried. Figure 2 presents the optical absorption spectra of SWNT film on KBr recorded in a transmission mode through the diamond anvil cell using a microspectrophotometer ͑Zeiss UMSP-80 and Jasco MFT 2000͒ in the energy ranges 2.6-1.5, 1.4-0.6, and 0.65-0.10 eV, in the pressure range from 0.2 to 4.1 GPa, and at room temperature.
First, we consider the pressure effect on the absorption features labeled S1, S2, and S3. It is remarkable that the S1 feature ͓Figs. 2͑a͒ and 2͑c͔͒ exhibit a pronounced broadening and a significant reduction in intensity with increasing pressure from 0.2 up to 4.1 GPa. Indeed, the optical absorption at constant energy Eϭ0.68 eV decreased quasilinearly with pressure. Moreover, the energy corresponding to the maximum of the S1 band shifted with pressure as shown in the inset of Fig. 2͑a͒ . Admittedly, the energy shift was very small but significant and reproducible. This result suggests that the optical band gaps of semiconducting SWCNTs narrow with pressure. The features labeled S2 and S3 were also significantly reduced with increasing pressure ͓Figs. 2͑a͒ and 2͑b͔͒.
Second, we turn to examine qualitatively the pressure effect on the absorption features labeled M1. Although less resolved, they were significantly reduced and smoothed with increasing pressure from pϭ0.2 to 4.1 GPa ͓Fig. 2͑b͔͒. The absorption features in the M1 region were still observed even at 4.1 GPa, whereas at the same pressure the S1 features almost vanished. These results underline that M1 exhibits a distinct pressure dependence compared to S1, because these features originate from nanotubes with different electronic structures and symmetries.
Finally, Fig. 2͑c͒ shows the optical absorption spectra for photon energy 0.1-0.65 eV ͑the measurement range was mainly limited by the absorption bands of diamond͒. Interestingly, the absorbance in the range 0.1-0.25 eV dramatically decreased with increasing pressure. Since this range corresponds to the tail of the absorption feature at approximately 74 meV, which was tentatively assigned to electronic transitions in metallic nanotubes as already mentioned, this result indicates that the electronic transition in these nanotubes is also strongly pressure dependent.
We attempted to establish the pressure behavior of the features at 74 and 24 meV. Since the pressure medium ͑KBr͒ could not be used due to its absorption in the energy range 6.2-86.7 meV and the microspectrophotometer was not available, we used a diamond press ͑2 mm diameter͒ on which SWCNT film was directly deposited. But no significant change was detected probably due to the insufficient strength of the available pressure ͑only 0.1 GPa maximum͒.
We also observed pressure-induced changes of the Raman spectra of SWCNTs using different excitation energies such as 1.95 and 2.4 eV, which correspond to the M1 and S3 features, respectively. Combining the results of the optical absorption and Raman measurements, we firmly proved that pressure reversibly affects the photophysical properties of SWCNTs at least up to 4.1 GPa, within our experimental resolution. ͑The Raman data will be reported separately.͒
III. DISCUSSION
A comprehensive analysis of the pressure effect on SWCNT is readily achieved by combining the above experimental results with structural information and theoretical calculations. The pressure effects on the crystal structure and on the symmetry of nanotubes were already discussed on the basis of the compressibility, 20 Raman, 17 and in situ synchrotron x-ray diffraction experiments.
14 In substance, with increasing pressure the intertube distance decreases with a concomitant enhancement of intertube interactions and distortion of the cross section of the nanotubes ͑such as polygonal or elliptical͒. As a result of these structural changes, significant effects on the electronic properties of SWCNTs are expected. Indeed, we have experimentally observed that the interband optical transitions and vibrational modes of SWCNTs are pressure dependent.
Theoretical calculations on the electronic structure of SWCNT bundles under pressure ͑applied to the bundle's cross section͒ using the local density approximation in the framework of the density functional theory were very recently reported. 25 These calculations show that the electronic band structure of ͑6,6͒ and ͑8,0͒ SWCNT bundles is dramatically affected by decreasing intertube distance and concurrently lowering the symmetry of both the nanotubes and the crystal lattice. Moreover, it was predicted that with increasing pressure the band gap opens in ͑6,6͒ armchair metallic nanotubes, whereas it closes in ͑8,0͒ zigzag semiconducting nanotubes ͓calculations on (n,m) nanotubes are not yet available͔. 25 A similar prediction was made by theoretically considering the effects of distortion of ideally isolated and thus essentially noninteracting nanotubes. 13 It was shown that the lowest unoccupied and highest occupied molecule orbit ͑LUMO-HOMO͒ band gap at the ⌫ point of semiconducting zigzag ͑10,0͒ nanotubes closes by pentagonal distortions, whereas metallic zigzag ͑12,0͒ nanotubes under hexagonal distortions reveal an optical band gap. 13 If the above calculations ͑carried out for small nanotubes with diameter about 0.6-0.9 nm͒ can be extrapolated to a large one ͑the diameter of our nanotubes is in the range 1.2-1.6 nm͒, then they should provide considerable support to elucidate the basic properties of SWCNTs under pressure. Compiling all the above discussions, we expect that the electronic structures and consequently the electronic properties of SWCNTs in the solid state are highly sensitive to intertube interactions and/or symmetry breaking.
Experimentally, the main absorption feature at around 0.68 eV assigned to the interband transition in (n,m) chiral and (n,0) zigzag nanotubes showed a pressure-induced shift to lower energy. The striking correspondence of our results with the theoretical predictions mentioned above 13, 25 suggestes that (n,0) zigzag and probably (n,m) chiral SWCNTs undergo a pressure-induced semiconductor to metal transition. However, another possibility would be pressureinduced three-dimensional overlap of the wave functions that leads to a decrease and smearing out of the pronounced absorption peaks originating from the one dimensionality of SWCNTs. The establishment of the predicted insulator-metal transition should await more elaborate experimental information.
Bozhko et al. and Gaal et al. reported the pressure dependence of the electronic transport properties of bulk SWCNT samples. 15, 16 However, since the samples inevitably contained a variety of nanotubes and since transport properties reflect both intrinsic and extrinsic mechanisms, it should be admitted that such measurements only reflect averaged properties. The pressure effects on SWCNTs remain the subject of further experimental studies. Ultimately, electrical measurements under pressure on a single or bundle of nanotubes are of great interest to elucidate the pressure dependence of the conductivity, although they are technically challenging.
In conclusion, we have experimentally demonstrated that the electronic structure and the optical properties ͑interband optical transitions and vibrational modes͒ of SWCNTs in the solid state are affected by intertube interactions and/or symmetry breaking. This work should provide important information for further understanding of the basic properties of SWCNTs as well as for its potential applications to electronic devices.
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